INTRODUCTION
Bacterial production associated with the phytoplankton spring bloom has been the subject of numerous studies (e.g. Ducklow & Kirchman 1983 , Simon & Tilzer 1987 , Martin-Jezequel & Videau 1992 , Ducklow et al. 1993 and much data exist on mid-latitude annual and high-latitude summer conditions (e.g. Fuhrman & Azam 1980 , Fuhrman et al. 1989 , Kirchman et al. 1993 ). In contrast, there is a paucity of information about bacterial production and biomass changes during periods of rapid destabilization of the water column in late autumn-winter. At that time of the year, decreased solar irradiance and increased depth of mixing reduce the average light which is available to phytoplankton. Photosynthetic activity on an area1 'E-mail: c595@music.ulaval.ca O Inter- Research 1996 basis declines but nutrients are entrained into the euphotic zone and may lead to a brief autumn bloom. However, seasonal changes in the activity of heterotrophic bacteria do not necessarily follow those of phytoplankton, but whether the two are actually coupled remains mostly unknown.
The present study was conducted in early winter using a combination of approaches to measure bacterial dynamics, i.e. 3H-thymidine (3H-TdR) uptake to estimate production rates, bacterial cell concentrations to estimate biomass changes, and a fluorescence assay of Actively Respiring Cells (ARCs) a s a further guide to metabolic changes in the bacterial population. We also measured a number of other biological and oceanographic variables.
During periods of stratification, bacteria from deeper waters typically show much lower uptake of 3H-TdR than surface populations (Banse 1992, Ducklow et al. 1992) . We hypothesized that the relationship between bacterial productivity and biomass would be substantially weakened d u r i n g early winter destratification, when bacterla are mixed from depths well below the zone of active photosynthesis and DOC (dissolved organic carbon) production. This period of decoupling between bacterial biomass and productivity would be characterized by a change in the percentage of ARCs.
We compared ARCs over time and space using the fluorescent redox probe CTC (5-cyano-2,3-ditolyl tetrazolium chloride). There are at present a multitude of tetrazolium salts used to study redox reactions of both in situ and in vitro cell suspensions (Moore 1985 and references therein). The tetrazolium salt CTC yields fluorescent formazan crystals when in a reduced state. CTC was developed and initially applied to measure respiration in Ehrlich ascites tumor cells (Stellmach 1984 , Stellmach & Severin 1987 . This redox probe is related to 2(p-iosopheny1)-3-(p-nitrophcny1)-5-phenyl tetrazolium chloride (INT) which has been widely used to detect actively respiring bacteria (e.g. Zimmermann et al. 1978 , Tabor & Neihof 1984 , Byrd & Colwell 1993 . Rodriguez et al. (1992) applied the CTC assay under laboratory conditions, using Pseudornonas putida and natural samples which included sewage, groundwater and seawater obtained from the pier at Newport Bay, CA, USA. Kaprelyants & Kell (1993a) used CTC in combination with flow cytometry to measure the respiratory activity as well as dormancy (Kaprelyants & Kell 1993b) of Micrococcus luteus cells grown in a chemostat. There has been little previous work to develop the CTC assay for application in the field (McFeters et al. 1995) . Such a development was among the aims of the present study.
The Gulf of St. Lawrence, Canada, is a n area where plankton communities are florlstically diverse, and contains autotrophic picophytoplankton as well as small bacterioplankton. The Gulf is characterized by a wide range of hydrodynamic conditions (Therriault 1991) , so that different production and biomass variables can be examined over a relatively short period in different types of marine systems. This made the Gulf a n ideal site for examining bacterial responses to the rapid changes which characterize the north temperate cccar, dnrizn oarlxr -A -l x r r i n t n r
MATERIALS AND METHODS
Field studies. Samples were collected in the Gulf of St. Lawrence at sites which were chosen because of their different hydrodynamic characteristics (Fig. 1 ). Measurements were taken from 3 contrasting areas in the Gulf during early wlnter, when the surface mixed layer was cooling and deepening; the 3 sites (Stns 4, 5 (General Oceanics) or a Seabird SBE 19 CTD. Samples were collected on the upcasts with 8 l lever-action Niskin bottles (General Oceanics). All samples for microbial analyses were prefiltered through a cleaned 200 pm Nitex filter and collected into 1 1 Nalgene bottles which had been cleaned, acid rinsed and rinsed 3 times with sample water prior to filling These were stored in the dark at approximately 2"C, and all subsequent analyses were done on subsamples from these bottles.
Sample analyses. Samples for bacterial cell counts were preserved with 1 O/o (final concentration) 0.22 pm prefiltered formaldehyde. These samples were stored in the dark and cold (2 to 4OC) until subsequent filtration and stained with 1.8 X 10-3 mg ml-' final concentration of DAPI (Hobbie et al. 1977 , Porter & Feig 1980 . Cells were counted at lOOOx using either a Leitz Dialux 22 fluorescence microscope (100x Leitz P1 Fluortar objective and Leltz filter block A , excitation 340 to 380 nm) or Zeiss Axiovert 100 fluorescent microscope (100x Plan-Neofluar objective filter block 02, excitation 365 nm); 400 to 800 cells were counted on each filter. All filtrations were carried out within 1 mo, and subsequent counts were carried out within 2 mo of collection. Differences between replicate samples filtered and counted 1 wk after collection and those filtered, stored frozen and counted at the end of 2 mo were not statistically significant. However, since samples were not filtered at sea immediately after collection we cannot discount the possibility of some cell loss during storage, hence total bacterial numbers may be slightly underestimated (see Turley & Hughes 1992) .
Samples for prokaryotic and eukaryotic picophytoplankton were filtered in the field within 3 h of collection, and DNA stain Hoechst 33342 (18 X mg ml-' final conc.) was added. The samples were filtered onto 25 mm 0.22 pm pore size black NucleporeB filters. The resulting slides were frozen immediately and counted within 6 wk. The picophytoplankton were counted using a Zeiss Axiovert 100 fluorescence microscope at lOOOx magnification (100x Plan-Neofluar objective). To count phycoerythrin-or phycocyanin-containing cyanobacteria, Zeiss filter block combinations 15 (green BP, 546/12 excitation) and 09 (blue BP, 450 to 490 excitation) were used. To count small eukaryotes containing chl a, blocks 09 and 05 (violet BP, 400 to 440 excitation and wide-band transmittance) were used. A total of 100 to 400 cells were counted on each filter.
A working solution of CTC (Polysciences, Warrington, PA, USA) was made up by dissolving 8.3 mg ml-' in sterile 0.2 pm filtered deionized water, and then refiltering through a 0.2 pm filter. This solution was stored in the dark at 2'C until use. While working with CTC, we observed that, on exposure to UV and violet light, the chemical is photoreduced and crystals of formazan are formed which resemble the labeled bacterial cells. All work with this chemical was subsequently conducted either in the dark or under dimly lit conditions, and all samples during all stages of analysis were guarded from light which may have contained wavelengths c420 nm (cf. Van Noorden & Tas 1982) . Water samples for CTC labeling were dispensed within 2 h of collection into either acid cleaned and sample rinsed 7 m1 plastic or 20 m1 glass scintillation vials or sterile glass 8 m1 vacutainers. Except for the experiments which specifically measured the uptake of CTC at varying concentrations, the CTC was added to the samples to obtain a final concentration of 0.75 mM. After dispensing and inoculating the vials, these were placed in a plastic bag, double wrapped in aluminum foil and incubated at the temperature of the surface mixed layer in a n on-deck incubator. The samples were incubated for 2 h (except where noted) and then killed with l % (final volume) 0.22 pm filtered formaldehyde before storing in the dark at 2°C until analysis.
The concentration of CTC which we used for the uptake experiments (0.75 mM) is much lower than the 2 to 5 mM suggested by Rodriguez et al. (1992) or Kaprelyants & Kell (1993a) , but similar to that originally used by Stellmach (1984) . Initial incubations using higher concentrations were characterized by a lack of repeatability and high background fluorescence. In April 1993 the effect of various CTC concentrations was ~nvest~gated. Replicates at the lower concentration used In the field were within 10%, with clear differences between stations and depth.
The CTC-labeled samples were filtered (<l00 mm Hg) onto 25 mm, 0.2 pm pore size whatman@ Anodisc inorganic membrane filters with a 0.45 pm pore size cellulose nitrate membrane backing filter, using a glass frit MilliporeN base. The Anodisc filter was mounted on a glass slide under a coverslip, using Polysciences water-soluble ~q u a p o l y m o u n t~. Anodisc filters have the advantage of being ridged and flat, which minimizes the risk of having poorly defined areas on the filter resulting in underestimation of total cell numbers. The water-soluble mounting medium resulted in more stable formazan crystals than samples mounted using immersion oil which appeared to dissolve the crystals (see also King & Parker 1988) . The prepared slides were either counted immediately or stored frozen for 1 to 30 d. Samples were examined microscopically for CTC-fluorescent formazan crystal formation, and we were able to enumerate ARCS in the bacterial size range. Between 100 and 600 cells per filter were counted, except in samples with extremely low activity, in which 200 fields were counted. Cells were counted at 630x (Plan-Neofluar objective 63 X) or lOOOx (Plan-Neofluar objective 100x) using a Zeiss Axiovert 100 microscope and filter blocks 09 and 15. The 2 blocks were used to distinguish the CTC-labeled bacteria, which are characterized by their small size and distinct red fluorescent color, from phycoerythrinand phycocyanin-containing cells. The fluorescence of cyanobacterial pigments changes markedly with changing illumination, but CTC-red fluorescence does not. The chl a containing cells are not as bright and fade quickly compared with CTC-formazan crystals. The only other fluorescent component in the size range of interest present in the samples was small cryptophytes, which are orange, much larger and distinctly reniform. With practice and after verifying the type of community in each sample, the 09 (blue) block proved sufficient for routine counting. In addition to the problem of photoreduction previously mentioned, unreacted CTC fluoresces in the UV range, which unfortunately precludes the double staining with DAPI suggested by Rodriguez et al. (1992) .
Bacterial production was measured using the 3H-thymidine protocol outlined for oligotrophic waters by Robarts & Zohary (1993) . Within 1 h of collection, 30 to 60 m1 samples of water were placed into Whirlpak bags or 60 m1 culture flasks, W -T~R (Dupont NEN) with a specific activity of approximately 81 Ci mmol-' (concentration 1 mCi ml-') was added directly (final concentration 20 nmol TdR I-'). Samples were incubated in the same on-deck incubator used for the CTC samples. As was done for CTC, the bags were shielded from l~ght using aluminum foil. At the end of 2 h, 1 m1 of 5 N NaOH per 10 m1 of sample was added to stop the uptake. In our experiments with field samples, TdR uptake has always been linear in incubations up to 6 h (data not shown). The samples were stored frozen until DNA could be extracted and the incorporated radioactivity measured. This was done within 3 mo of collection, previous tests having shown no loss of activity under these circumstances (data not shown). One control sample from each depth was killed with NaOH immediately after the 3H-TdR was added, and frozen. Uptake was calculated using the average DPM of 2 or 3 replicates minus this control. Radioactivity was measured using a LKB Wallac Rackbeta scintillation counter. Efficiency and quenching were evaluated with internal standards, and independently with external standards.
Samples for chl a were collected at the same time as the microbial samples. After filtering onto GF/F filters immediately upon collection and extracting overnight with 90% acetone, fluorescence was measured using a Turner 11 1 fluorometer. Chl a concentrations were calculated following Holm-Hansen et al. (1965) . Primary productivity was determined using water collected in conjunction with the microbial and chl a samples. The daily rate of photosynthesis was obtained over 24 h, using 10 mCi 14C-NaHC03 added to 600 m1 of sample. The samples were incubated in on-deck incubators at simulated light levels corresponding to Incubation t i m e (min) Fig. 2 Effect of increasing incubation t~m e on the number of ARCS visible using ep~fluorescence microscopy. Samples were from Stn 2 in April 1994, and contained 0.75 mM CTC the depth of collection down to the 0.1 % light level. Activity was counted as with 3H-TdR, and carbon fixation estimated follo~ving Parsons et al. (1984) .
Samples for nutrient analyses were collected directly from the Niskin bottles using a syringe equipped with a sterile pre-cornbusted GF/F filter. Samples were analyzed with a Technicon auto-analyzer (Parsons et al. 1984) . Ammonia, N03+N02, and PO4 were analyzed immediately on board the ship. Samples for NO2 and Si were frozen in llquid nitrogen and analyzed 6 to 12 mo later in the laboratory.
All growth rate calculations were done using the simple model where specific growth rate p (h-') = ln(1 +P/B), where P is production h-' and B is biomass. Doubling time (h) was calculated as (ln2)/p.
RESULTS

Experimental verification
Experiments were conducted twice during a cruise in April 1994. Water used for the 2 experiments (Stns 2 and 4) was taken as the winter ice pack was disintegrating and thermal stratification was very weak. Values for chl a at the surface were low, i.e. 0.68 to 0.73 pg 1-' at the 2 stations. Total bacterial numbers were low, between 0.23 and 0.40 X log cells 1-', and the number of visible ARCs after a 2 h incubation was between 4.47 and 14.06 X 106 cells 1 ' in the surface waters.
We examined the effect of the length of the incubation on the number of visible ARCs. This was done to verify that the incubation time was long enough for formazan crystals to accumulate and yield sufficient fluom M CTC Fig. 3 . Effect of lncreaslng CTC concentrations on the number of ARCs visible using ep~fluorescence microscopy. Samples from 3 depths at Stn 4 in April 1994. All samples were incubated for 2 h rescence to be visible under the microscope Water correlated with chl a (Fig 4c; r2 = 0.65, p < 0.001) as were from 2 depths was taken from Stn 2. (Fig 1, Fig. 2 ). The ARCS (Fig 4d; r2 = 0.78, p 0.001). Data presented in 5 m sample corresponded to the 50% irradiance level Fig. 4 include results from 1 complete vertical profile and the 16.5 m sample to the 10% level. The o, data taken at each station. Although each station yielded a did not show any obvious hydrodynamic separation slightly different slope, within each station there was a between the 2 samples (data not shown). The rates of significant correlation between measured "H-TdR up-3H-TdR uptake were 1.5 pm01 l-' h-' for the 5 m sample take and total number of ARCS (p < 0.01 in all instances). and 0.4 pm01 1-' h-' for the 16.5 m sample. The 2 depths Stn 1 had the highest NO:,+N02 and lowest NH, showed a similar response to the increased incubation concentrations in the surface mixed layer (Table 1) . In time, i.e. the number of visible ARCs was maximum after 2 h with no further increase and 3H-TdR uptake. [2-way ANOVA followed by multiple comparison tests found significant differences 
Field studies in early winter
In November and December 1993, a total of 5 series of sin~ultaneous CTC and 3H-TdR incubations were carried out at 3 stations. Results of all incubations are pooled in Fig. 4 . There was no relationship between 3 H -~d~ uptake and bacterial numbers ( Fig. 4a ; r2 = 0.01, p z 0.05). but the correlation between 3H-TdR uptake and CTC-labeled ARCS was significantly different from zero ( Fig. 4b; Deeper samples were characterized by higher N 0 3 + N 0 2 , PO, and Si than in the upper surface mixed layer on all but the last day of sampling at Stn 4 . Stn 4 was sampled on 3 separate days with different stratification regimes (Fig. 5) . Both 3H-TdR uptake and .
a the number of ARCs changed, substantially over the 3 sampling dates ( Table 2 ) . Stn 4 was also unique in having the highest concentrations of photosynthetic picoplankton, principally Synechococcr~s sp., in spite of low chl a values (Fig. 6a, b) . During the first day at Stn 4 (23 November), the r2 values over the 4 sampled depths were 0.68 for ARCS versus 3H-TdR uptake and 0.50 for uptake, and 3H-TdR uptake per CTC-labeled cell was bacterial numbers versus 3H-TdR uptake. Two of the the highest measured during the whole study. Bactersamples were taken in the surface mixed layer and two ial biomass did not change, but the number of ARCS from depths below the pycnocline (Fig. 5) . The entire dropped. The number of ARCs (as a percentage of total euphotic zone was within the upper mixed layer durbacteria at Stn 4) decreased over the sampling period, ing this period of stratification (Table 2, Fig. 5 ). The low from 23 November (mean = 0.78 %, SE = 0.185) to 27 chl a and low 3H-TdR uptake estimates are consistent November (mean = 0.30%, SE = 0.106) and 28 Novemwith stratification of the water column for some time ber (mean = 0.06%, SE = 0.022; see Table 3 ) A l-way before sampling (Table 2) . While the overall bacterial ANOVA showed these differences to be significant (F= production was low in the deeper samples, the dou-14.075, p i 0.001). The deepening of the surface mixed bling times for ARCs was 2.7 h for the 55 m sample layer (Fig. 5) showed wind-induced mixing and cool-(calculated from data in Table 2 ) compared to 6.4 h for ing of the water column, which was 4.2"C at the surpopulations from the euphotic zone (Table 3) .
face on 23 November falling to 3OC on 27 November Four days later (27 November), there had been condown to 2.8'C on 28 November. siderable mixing and surface cooling, and the depth of
The water column at Stn 5 (Fig. 7) was deeply mixed the surface mixed layer had increased by 10 m (from with stratification near the bottom. There was no rela-42 to 52 m; Fig. 5 ). Both 3H-TdR uptake and ARCs tionship between total numbers of bacteria and 3H-showed decreasing values with depth, and thus irradiance. The 3H-TdR uptake rates were better correlated with the number of Table   2 2, and in situ fluorescence data not shown). TdR uptake (r2 = 0.03, p > 0.05). ARCs and 3~-~d~ surface mixed layer was not high, i.e. the average uptake were significantly correlated (r2 = 0.77, p < doubling time for the phytoplankton population in the 0.05). Among all the stations sampled In early winter euphotic zone was 271 h (Table 3) . The theoretical 1993, Stn 5 had the highest total bacterial productivity doubling time of bacteria using the entire bacterial (Fig. 7b) , the highest chl a biomass (193 mg chl a m-2 in population would be 131 h, whereas it was 2 orders of the surface mixed layer; Fig. 6a) , and the highest phomagnitude faster for ARCs (1.56 h). Maximum bactertosynthetic rates (59.3 pg C 1-' d-l; Fig. ?c, note scale) .
ial activity was located in close proximity to the shalValues for chl a (Fig. 7a) and total bacteria (Fig. 7c) low maximum in photosynthetic productivity. tended to show slight increases down to the bottom of A comparison of integrated chl a, bacterial and ARCS the surface mixed layer. ARCs and 3H-TdR uptake biomass in the euphotic zone at the 3 stations shows (Fig. 7b) were maximum higher in the water column.
that bacterial and photosynthetic biomass were not Overall primary productivity in the surface waters was coupled in these samples (Table 3 ). Doubling times for high which translated into a phytoplankton population phytoplankton and ARCs were longer under stratified doubling time in the euphotic zone of 89 h. The theo-(Stn 1 and Stn 4 on 23 November) compared to nonretical doubling time for the bacteria population (69 h) stratified conditions (Stn 5 and Stn 4 on 27 and 28 in the euphotic zone was 2.7 times that on the last day November, respectively). sampled at Stn 4. The doubling time for ARCs was short (ca 1 h; Table 3) .
Stn 1, which was the deepest sampled during the DISCUSSION December 1993 cruise (Fig. 8 ) , was characterized by a highly structured water column in terms of temperaBacterial activity and growth in early winter ture (with surface cooling) and density (Fig. 8a) . Vertical distributions of chl a (Fig. 8a) , 3 H -~d R uptake and
The first set of incubations at Stn 4 did not adhere to ARCS (Fig. 8b) , and total bacteria (Fig. 8c) correthe protocol outlined above, which was modified sponded to the density structure of the water column.
because rough seas forced the ship to leave the station. The relationship between total bacterial biomass and
The incubation was extended to 5.5 h, which may have 3~-T d R uptake was significant (r2 = 0.37, p < 0.05), but caused both underestimation of 3H-TdR bacterial proit was not as strong as that between ARCs and 3H-TdR duction if 3H-TdR uptake was not linear (Robarts & bacterial production (r2 = 0.64, p < 0.001). PhotosynZohary 1993) and overestimation of ARCs compared to thetic activlty showed a strong vertical gradient typical a 2 h incubation. However, as stated previously, 3H-of a stratified water column (Fig. 8c) .
TdR uptake was always linear up to 6 h in the Gulf and However, while chl a levels were moderate (1 to 2 pg the experimental results from April showed no 1 -l ) , the overall growth rate of phytoplankton in the increase in ARCs for long incubation times using water with similar chl a values as those at
Stn 4 on 23 November (Fig. 3 , Table 2 ). Results were likely a reflection of a true low specific growth rate (based on ARCs) for the populations in the euphotic zone. Four days later (27 November), the physical structure of the water column, 3H-TdR uptake characteristics and the percentage of ARCs had changed. On 28 November the situation was not simple. We did not measure significant bacterial activity in the upper mixed layer (down to 15 m), which is inconsistent with observations in other environments (cf. Ducklow et al. 1993) . Several factors may have been responsible for this, including working near the limits of detection for the ? H -T~R technique (Robarts & Zohary 1993) . While the surface productivity per unit chl a measured from samples taken at that time was similar to that at Stn 5 (Table 3) , the community structure at Stn 4 was completely different to that of Stns 5 and 1 (Table 2; Fig. 6 ). Underneath the upper mixed layer at 19 m,, there was comparatively high specific uptake of 3H-TdR using eithelARCs or total bacterial numbers (Table 2 ). This high, anomalous 'H-TdR uptake value at 19 m resulted in the rapid integrated doubling time of ARCs ( < l h; Table 3 ) in the euphotic zone that day. The closest values to this were those in the deep waters of Stn l . It is impossible to say whether the Stn 4 activity at 19 m was accurate. If it was, it may have been a consequence of increased substrate availability, but without data on DOC availability this was impossible to confirm. Alternatively, physical conditions may have been sufficient for the creation of an enzymatically distinct community, which enables use of specific organic molecules present in the immediate surroundings, over the time and spatial scales considered (cf. Hoppe et al. 1988 , Chrost & Rai 1993 and references therein).
Stn 5, while not strongly stratified at the time of sampling, retained a deep surface mixed layer (Fig. 7) . High chl a, primary productivity and nutrients suggest that the bloom was in progress, sustained by recent erosion of the pycnocline. The highest bacterial activity was situated just below the zone of primary productivity (Fig. ?) , following a pattern which has been described for spring blooms (Ducklow et al. 1993 , Kirchman et al. 1993 .
Stn 1 had the most stable water column sampled during this period (Fig. 8 vs Figs. 5a & ?a) . The close coupling between primary production, bacterial production, bacterial concentrations and chl a is typical of many temperate marine systems during periods of stratification (Banse 1992 , Ducklow et a1 1992 . Although nutrient levels remained high (Table l ) , other factors such as light or temperature seem to have limited productivity compared to Stn 5 (Fig. 7) .
The Stn 1 o, profile was typical of the Northwestern Gulf, where this structure is retained throughout winter (Bugden 1991). Bacterial populations in the deep waters (Fig. 8) had presumably been trapped there for some time. The deep populations at Stn 1 were characterized by both low productivity in terms of 3H-TdR uptake and low numbers of ARCs. Specific growth rate (calculated from Fig. 8) for ARCS was p = 0.7 to 1.7, which corresponds to doubling times of 1 h or less. These doubling time were in contrast to those of the euphotic zone, which were close to 2 h (Table 3) . However, since the deep samples were incubated for only 2 h, we cannot rule out the possibility that the number of ARCs was underestimated. Grossmann (1994) found a high percentage of bacteria evidently active in deep samples from the Weddell Sea using 3H-TdR track microautoradiography to test activity, but only after a 16 h incubation. The rapid doubling times should be interpreted with caution given the limits of both 3H-TdR-methodology and the ARCS assay.
In general the relationship between bacterial numbers and bacterial production changed with changing mixihg regime, supporting our original hypothesis of a decoupling between these 2 factors at t h~s tlme of year. The total number of active bacteria was low throughout this period and showed much higher variation among stations and depths than total bacterial numbers.
Ecological interpretation of the CTC assay Severin et al. (1985) described CTC as a measure of redox activity in cells. The tetrazolium salt reduction occurs via membrane-bound redox enzymes and is visible on the surface of cells. Subsequent work showed that the redox activity is probably related to a cell membrane-bound NAD(P)H-oxidase system (Stellmach & Severin 1987) . Free-living bacteria have a variety of respiratory chains, with a multiplicity of terminal oxidases in contrast to the single cytochrome-c oxidase of mitochondria. However, in most systems examined, cytoplasmic NAD(P)H is usually the supplier of reducing power and dehydrogenases are thought to be ubiquitous (Sone 1990 , Garcia-Horsman et al. 1994 . The reduction of tetrazolium salts, including CTC, in intact living cells is thought to be mediated by dehydrogenases along with the membrane bound NAD(P)H-oxidase system (Van Noorden & Tas 1982 , Van Noorden et al. 1985 , Stellmach & Severin 1987 , Severin & Seidler 1992 .
Although the above argument provides a basis to accept that CTC is a good redox marker, this is not proven for all bacteria which may live in the sea. Nevertheless, the present study showed that the number of ARCs as measured by CTC (and eplfluorescence microscopy) varied in an ecologically interpretable manner and correlated well with TdR-based production estimates. The results indicate that the CTC assay is promising but requires further research to understand its exact interpretation.
The fluorescent water-insoluble formazan crystals tend to remain visible and in close association with the cell surface after being reduced by a membrane-bound redox system (Severin et al. 1985) . The assay as used here was for tracking a particular portion of the total bacteria population and not for measuring respiration (Kaprelyants & Kell 1993a, b) . In order to quantify respiratory activity, a dissolution step is required, whose resulting product is not fluorescent so that CTC has no advantage over other tetrazolium salts. Since the assay does not involve substrate uptake kinetics or an enzy-matic saturation, the concentration of CTC and tlme the above, a protocol which distinguishes ARCs from required to adequately detect respiring cells is not the photosynthetic picoplankton was described in the same as that to measure maximum respiration. The 'Materials and methods'. This is necessary for samples selection of incubation time and CTC concentration from most aquatic natural environments. was dictated by the fact that bacterial growth characteristics change rapidly once samples are taken from the sea and placed into bottles (Arnmerman et al. 1984, Bacterial activity in marine waters Ducklow et al. 1992 ) and that CTC is probably toxic at high concentrations (Rodriguez et al. 1992) . The very
Assuming that the number of ARCS provides an low percentage of ARCS measured in early winter sugapproximate measure of metabolically active cells, it gested further experiments to verify our incubation appears that 97 to 99% (Fig. 5, Table 3 ) of the bacteria time and CTC concentrations. Results shown in Figs. 2 counted using standard fluorescent techniques were & 3 indicate that our original protocol was reasonable not participating in carbon and nutrient transfer or for the low bacterial concentrations found in these natrecycling in the pelagic zone of the Gulf of St. ural waters. However, we do not suggest that this proLawrence during early winter. There has been wide tocol would be optimal under other conditions. speculation on the control and liriiils of growth for bacWe found that the number of bacteria able to reduce teria in the sea (recently reviewed by Kjelleberg et al. CTC to a formazan salt in sufficient quantities to be 1993). Reasons put forward to explain in situ producvisible (ARCs) was a better predictor of bacterial protivity and biomass of marine bacteria include substrate duction as measured by 3H-TdR than total bacterial limitation (cf. Kjelleberg et al. 1993) , the impact of pronumbers during a hydrodynamically unstable time of tozoan grazers (cf. -1982) . The evidence presented here suggests that this tion', CO-staining with DAPI interferes with both DAPI disparity may simply reflect the very small proportion and ARCs determination, so it was not done. ( 6 ) A of the population which is actually actively growing at water-miscible mounting medium was used which presea at any given time. This is not surprising given the vents dissolution of formazan crystals. (7) Samples ability of bacteria to survive starvation (Morita 1993 ) were mounted on 0.2 pm Anodisc filters, which faciliand the diversity of both species (Giovannoni et al. tates the use of the mounting medium required. These 1990, Lee & Fuhrman 1991) and available substrates filters also stay flat and result in more filter area being (Azam et al. 1993 ) in marine waters. accessible to examination. (8) Samples were examined Our ARCS analysis suggests that the high concentrawith a filter block which completely eliminated the risk tions of total bacteria found in upper oceanic waters, of exposure to light at wavelengths in the UV or violet including those sampled in the present study, are not a range. A simple experiment was done by putting CTC function of bacterial growth but more likely reflect in distilled water on a microscope slide, and examining inefficient loss processes. In the Gulf during early winthis us:r?g ; f!unrescence exrit3tinn sollrcrl of 400 to ter: metaholically actlve cells accounted for a low and 450 nm. The result was spontaneous and rapid formavariable percentage of the total population. Sinking tion of crystals. This means both the excitation waverates for such small cells are very slow (Stokes' law) so lengths and cutoff band of the block are critical.
that sedimentation losses are minimal. Shimeta (1993) (9) The sample slides were stored in the dark and in a proposed an encounter rate model for small predators freezer. This ensures that fluorescence in the sample and prey. Results of the model were consistent with was neither increased due to photoreduction nor lost those of Rubenstein & Koehl (1977) , who suggested due to excitation by ambient light. Storage in the that bacteria-sized particles fall within a minimum freezer also decreases the possibility of micro-biologiencounter rate window. Other researchers have also cal change on the slide due to imperfect preservation noted that there is a threshold prey concentration for that may occur with filtered samples. (10) In addition to bacterial grazers (ca 10' ml-l: Nakano 1994) and for viruses (ca 5 x 105 ml-'; Steward et al. 1992) . The early winter bacterial populations recorded during the present study were close to that minimum. If active individual bacteria have the same probability of being grazed by protozoa or encountered by viruses as any other individual in the bacterial population, there would, be strong selection pressure against cells with low activity 01-division rates, so that their losses wo.uld b e much greater than growth. This would eventually leave only active bacteria. However, if the actively growing cells are selectively grazed (cf. Van Houten 1988) , this sub-population would be cropped down to the grazing threshold mentioned above, leaving only a refugee population, which, in compensation for high loss rates, would require high specific growth rates. This is consistent with what w e observed in the present study. In deep waters, viruses may play the same role as protozoa and flagellates near the surface, that is, causing selective loss of active bacteria. Jiirgens & Giide (1994) have recently suggested that there may be a fraction of the bacteria which exhibit high growth, high losses, and high turnover. They used the analogy of turnover in the DOC pool, with a large refractory part and a small labile part which turns over rapidly. The changing percentage of active bacteria for different aquatic systems and seasons (Hoppe 1976 , Kogure et al. 1980 , Tabor & Neihof 1984 , del Giorgio & Scarborough 1995 and changing specific growth rates under different conditions (e.g. surface vs deeper waters) support this view. Kristiansen et al. (1992) suggested, using chemostat data, that the overall growth efficiency of aquatic bacteria is influenced by their generation time. Table 3 shows that the theoretical generation time of the average bacteria changes depending on what was used as the base population, which in turn has major implications on the estimation of carbon fluxes. In summary, the total number of bacteria may be controlled by loss processes, and future studies in bacterial productivity need to be focused on controls of metabolic activity that result in growth and turnover of the active bacterial pool. Assessing the utility of CTC for quantifying the absolute numbers of ARCS will require more measurements over a wider range of conditions than those covered in the present study. Further studies which elucidate the mechanisms of CTC reduction in a wide variety of bacteria are also needed. The CTC-formazan technique for measuring ARCs presented here was rapid, sensitive and was used in rough seas, requiring a minimum of shipboard laboratory space. The analysis of ARCs in conjunction with the more established measures of bacterial dynamics provides another perspective on bacterial biomass in aquatic systems.
The CTC assay confirms a number of previous observations that have been made using 3H-TdR and I4C or 3H-leucine, notably that bacterial activity tends to b e associated with chl a biomass and photosynthetic activity. Bacterial biomass and production are strongly correlated with chl a concentrations in a number of aquatic systems (Cole et al. 1988 , Simon et al. 1992 . This relationship was strong in samples from vertically stratified conditions. However, as frequently found within systems bacteria and chl a are often uncoupled (cf. Shiah & Ducklow 1994) . In this study, while the water column was being mixed, chl a and bacteria numbers remained coupled, but bacterial production was no longer closely correlated to either bacteria numbers or chl a. An important result of the present study is that the number of ARCs remained correlated to bacterial production rates regardless of mixing conditions whereas total numbers of bacteria did not.
